The application limit of the MULTX program for predicting Renninger-scanning X-ray multiple diffraction data is extended in order to simulate Renninger scans for semiconductor single-crystal and heteroepitaxial structures recorded using synchrotron radiation. The experimental synchrotron-radiation Renninger scan for InP(006) bulk material is taken as the standard to analyse the effects of both the polarization factor and diffracted-beam path length. The polarization of the synchrotron-radiation beam is considered using a matrix approach. The diffracted-beam path length involved in the surface secondary beam cases is analysed taking into account the dynamical theory for perfect crystals and the kinematical theory as the limit of the dynamical case for thin crystals. Renninger scans of AIGalnAs quaternary layer structures, simulated with the MULTX program, show a very good agreement (R = 0.085) with the corresponding experimental data.
Introduction
A computer program MULTX that is able to simulate X-ray Renninger-scan data was reported by Salles da Costa, Cardoso, Mazzocchi & Parente (1990) . This program is a version of the MULTI program developed by Parente, Mazzocchi & Pimentel (1994) , which simulates neutron Renninger scans. Renninger scans are obtained when the sample is rotated about the normal to a set of diffracting planes (primary) while the diffracted-beam intensity from these and other lattice planes (secondary) is measured. Such a scan depicts the oscillations in the primary-beam intensity as a function of the X azimuth angle owing to the interaction among the several secondary beams and the primary one with the consequent exchange in energy between them. The MULTX program uses the theory of X-ray multiple diffraction for mosaic "t" Also at Departmento de Ffsica, Universidade Federal do Cear, 'i, Campus do Pici, CP 6030, Fortaleza, Cear, 'i, Brazil. :I: Also at Department of Pure and Applied Chemistry, University of Strathclyde, Glasgow G! I XL, Scotland. § Also at CCLRC Daresbury Laboratory, Warrington WA4 4AD, England.
© 1996 International Union of Crystallography Printed in Great Britain -all rights reserved crystals in which the multiply diffracted intensities are calculated step by step as a function of the X azimuth angle using the iterative method of Parente & Caticha-Ellis (1974) . This method uses the general term of the Taylor series and allows many-beam interactions to be simultaneously considered.
Recently, Salles da Costa, Cardoso, Mazzocchi & Parente (1992) have published an improved version of the MULTX program with modifications to the diffractedbeam path-length expressions used in order to account for the small thickness of the epitaxial layers. In this, reliability factors of the order of R --0.10 obtained for the intensities have indicated a very good agreement between the experimental and simulated Renninger scans for bulk semiconductors and even for heteroepitaxial layers.
The first Renninger scans using synchrotron radiation were carried out independently by Chang (1986) and Brown et al. (1989) and an experimental facility for high-resolution X-ray multiple diffraction at the Daresbury Synchrotron Radiation Source (SRS) was developed by Campos, Clark, Pantos, Roberts & Sasaki (1990) and was used to examine the lattice coherency of layered semiconductor materials (Sasaki, Cardoso, Campos, Roberts, Clark, Pantos & Sacilotti, 1996) . In this paper, we describe an extension of the MULTX program to enable the simulation of Renninger scanning data taken using this synchrotron-radiation facility. For this, the polarization of the synchrotron-radiation beam as well as the diffracted-beam path length for thin epilayered material are considered in simulating Renninger scans taken of epitaxial materials.
Simulation of synchrotron data using the MULTX program

Polarization factors
Several contributions to the study of the polarization correction for X-ray diffraction have appeared in the literature since Azdroff (1955) considered a two-beam crystal diffraction case for a monochromatic source. The polarization due to the occurrence of the multiplediffraction phenomenon inside one crystal for an unpolarized beam was analysed by Zachariasen (1965) and an extended general formula, which includes these two geometries as particular cases, was presented by Caticha-Ellis (1969) . Unangst & Meile (1975) developed a matrix approach to consider the polarization factor in the case of a monochromatic X-ray beam after successive reflections inside a single crystal. Apart from being able to reproduce previously published results, their approach is very useful for our purposes here.The perpendicular components (E, and E.) of the electric fi,qd for an unpolarized incident beam, which is diffracted by a monochromator crystal at an angle 20M, can be related (Unangst & Melle, 1975) to the corresponding components of the diffracted X-ray beam (E" and E~):
where CM is the polarization matrix and F is the fraction of the polarized radiation in the primary incidence plane of the crystal (component a) with respect to that perpendicular to this plane (component 70. After successive reflections for the M monochromator plane and the ith crystal plane, the first polarization correction due to the rotation of the coordinate system for the a and 7r components by the transformation matrix is given by cos 99 sin 99 )
where 99 is the angle between the normal to the monochromator and that for the first incidence planes. When a second reflection by the jth plane inside the crystal is considered, the polarization matrix becomes PMoij --CMTMCoiToqCij, where Coi represents the polarization matrix for the ith plane, written as 0)
The transformation matrix involving the ith and jth reflections is given by
where ~ corresponds to the angle between the incidence planes for both reflections and is given by
From this, the general polarization factor for the ith and jth reflections in the crystal for a monochromatized beam turns out to be PMoiJ = [F2cos 2 99 + ( 1 -F)2sin 2 99c0s 2 20M]
x (cos20j + sin20jcos2~) + [F2sin 2 99 + (1 + F)Zcos 2 99cos 2 20M]
x sin299sin2~Pcos20ssin 2 20i}.
This is a general expression which can reproduce that obtained by Caticha-Ellis (1969) using a geometric treat-I ment by taking 0M = <~, F = 5" It should be noted that the last term has not been given in the literature and it turns out to be important, for instance, when 99 = 0. For multiple-diffraction experiments performed using synchrotron radiation, we consider the beam totally polarized in the plane perpendicular to the primary incidence plane, i.e. 0M = 0, F = 1 and 99 = 0. In this case, the polarization factor that we used in the MULTX program for synchrotron-radiation multiple diffraction experiments was:
Path-length expressions
The MULTX program uses the path lengths developed for Laue and surface secondary reflections taking into (2) account the crystal thickness. For thick crystals (#T > 1 where is the linear absorption coefficient, 1), l; = ~#, # T is the sample thickness and i represents any secondary reflection.
Recently, expressions for the diffracted-beam path length were developed by Salles da Costa et al. (1992) for the simulation of epitaxial-layer Renninger scans (3) using the MULTX program.
In the case of the low thickness limit, the path length can be written as
for the incident beam and
for Bragg and Laue beams, and
for surface secondary reflections. In this, 3'0 and 3'i are the direction cosines for the incident and the diffracted beams with respect to the normal to the surface sample (l/-~ : 1/7,, + 1/7,).
In the case of the high thickness limit (#T > 1), lo and li assume the value 1/2#, where the subscript i stands for any secondary reflection.
Experimental details
Samples
A commercial InP(001) wafer was used as our bulk reference material and as substrate for the epitaxial layers. Two epilayer samples were prepared using metalorganic vapour-phase epitaxy (MOVPE).
Sample 1 contained two layers, the first a 1.7 l.tm-thick A1GalnAs quaternary layer. Second, a much thinner (<0.05 lam) InGaAs ternary layer was also grown, to allow for easier ohmic contact for the associated Hall measurements. Owing to a number of growth-dependent factors, two quaternary layers with slightly different stoichiometry were grown. This was confirmed by rockingcurve measurements that were obtained after the ternary and also the upper quaternary layers were removed by sucessive chemical etching. The composition of the layer grown closest to the substrate (L~) was estimated from the gap energy and the lattice mismatch to be Alo.143Gao.3301no.527As. The estimated composition for the upper layer (Lz) was obtained by assuming it to be a pseudoternary layer with the same percentage for A1 and Ga found in L~; this was consistent with a composition of Aio.la6Gao.333Ino.52]As. A detailed study of this sample has been reported by Sasaki et al. (1991) .
Sample 2 consisted of a single epilayer, a 2 ~mthick Alo.304Gao.~72Ino.524As layer, grown directly onto the substrate.
Results and discussion
Examination of the bulk material
The experimental Renninger scan around X -90° obtained with synchrotron radiation for InP bulk material using 006 as the primary reflection is shown in Fig. 1 . Since this pattern will be used as a standard to check the feasibility of the MULTX program in simulating Renninger scans obtained with synchrotron radiation, some special features should be pointed out. Although three surface secondary reflections (h, k, l = 3) are present in the scan, 113, 133 and 333, only the first two are important in our analysis since they appear as three-beam cases. One can also see the two contributions of the three-beam case 000 006 ]13 in this portion of the Renninger scan, corresponding to the entrance and exit positions of this reciprocal-lattice point in the Ewald sphere. From the angular position of the surface secondary reflections in equation (4) of Cole, Chambers & Dunn (1962) and the lnP bulk lattice parameter (5.8696 A), the wavelength A = 1.4696 A, of the synchrotron radiation used in the experiment was obtained. This value is close to the Ni absorption edge (1.488 A,) used in the setting up. The six-beam case 000 006 222 224 222 224 can also be seen. The sharpness of the Renninger-scan peaks observed here reflects the very low incident-beam divergence, of the order of 2". The enhanced asymmetric profile of the Renninger peaks is indicative (Chang, 1984) of the high crystal perfection of the layers.
The effect of the incident-beam polarization and the diffracted-beam path length in the Renninger scan are analysed through the application of the MULTX program. Fig. 2 shows the simulation of the InP(006) bulk Renninger scan with just the 7r-polarized beam considered. In the calculations, we have used the InP bulk lattice parameter (5.8696 A,), a step size of A X = 0.005 °,
Multiple diffraction measurements
The Renninger scans were obtained using beamline 7.6 at the Daresbury Synchrotron Radiation Source (SRS). The incident beam from the storage ring was diffracted by a (111) Si channel-cut monochromator crystal set on the first axis of a vertically dispersing double-crystal diffractometer. This provided an extremely monochromatic and collimated beam (~2" in both horizontal and vertical divergence). The sample was mounted at the centre of a three-axis (S, ~,, X) Eulerian cradle driven by stepper motors, the first two of which are used to align the Bragg planes for the primary reflection. The primary vector is then parallel to the third (X) axis, which is rotated in the Renninger scanning mode. An NaI scintillation detector was used to collect the diffraction data. isotropic thermal parameters Bin = Bp --0.595 A2 and a mosaic spread 7/ = 0.017 ° (0.0003 rad). In this case, the poor agreement with the experimental scan is clearly visible since, as is well known, this is not the expected state of polarization for the synchrotron radiation. The simulated scan for the a polarization is given in Fig. 3 . Here, one observes several dips (Aufhellung) as those appearing in the experimental scan although the six-beam case at X = 90° also appears as a dip instead of a peak. Furthermore, the relative intensities, particularly those con'_esponding to the surface reflections (inversion of the 133 peak) do not show such a good agreement. Therefore, as the synchrotron radiation is a-polarized and the experimental Renninger scan did not completely match with the simulated one, we investigated the influence of the crystalline perfection and of the diffracted-beam path length in the simulation of the Renninger-scan data. The extremely low divergence used in the synchrotron-radiation geometry for multiple-diffraction experiments enhances the good crystalline perfection effect of the semiconductor crystals as observed in the peak asymmetry. In this case, the dynamical theory gives a better exp_lanation for this effect. The three-beam case 000 111 111 for a perfect germanium crystal using Cu K~l radiation was analysed by Chang in his book (Chang, 1984, pp. 193-194) . However, it has been confirmed that for thin crystals (t = 0.0025 cm in this example) it becomes less accentuated and, therefore, less visible in the Renninger scan. The linear absorption coefficient along the primary reflection, calculated from dynamical theory, shows marked differences in comparison with the average value (# --352 cm -I) used in the kinematical theory. The absorption coefficient for each exciting mode varies with the X rotation angle and in a simple three-beam case there are six possible excited modes, three for each polarization component. For very thick crystals, only the modes with lowest absorption, i.e. modes 1 and 2, can survive after penetrating through the thick crystal; therefore, the absorption coefficient for both modes shows the same asymmetric behaviour in the diffracted intensity and excitation over the angle A X. However, according to Jen& Chang (1992) , only four excited modes are permitted for surface three-beam cases. Furthermore, at the exact point for these three-beam cases, the linearabsorption coefficient for all four of these modes goes to zero, thus implying an abnormal larger diffracted-beam path length. In this manner, the average absorption coefficient as used in the kinematical theory represents the limiting value of this parameter in the dynamical theory for the thin crystals (Zachariasen, 1945) . As a result, we have tried to simulate larger values for the path length used in the MULTX program, in order to confirm that it provides a better agreement than that obtained when the kinematical approach (Is = 1/2#) is employed. After a number of pattern simulations for a Renninger scan, the best agreement obtained was for a a-polarized beam with ls = 3/# ; this is shown in Fig. 4 . Despite the fact that the phase of the six-beam case at 90 ° is not correctly reproduced, the agreement with the experimental scan is now much better. It is also noteworthy that other simulations allowing for contributions from the 7r polarization component could not successfully reproduce the sense of the six-beam feature without adversely spoiling the fit to the rest of the peaks in this pattern. The reason for this discepancy remains unclear at this time.
The reliability factor (R) was calculated using the following relationship: e = Zllca,c --lcxpl/lexo, (12) where the summation is over all peaks in a specified range, Icalc stands for the theoretical maximum intensities of the peaks, corrected by the scale factor, and the l~xp are the corresponding experimental intensities. Consideration of all the peaks appearing in the simulation yields R = 0.20, which is still a reasonably good agreement in terms of a Renninger scan with synchrotron radiation. One can thus conclude that the path lengths for surfacediffracted beams using intense and highly polarized incident beams (synchrotron radiation) for crystals with good perfection (semiconductors) are strongly dependent on the absorption coefficient.
Examination of the epilayer materials
The MULTX program was applied to simulate Renninger-scan data obtained for the thin Alo.la3Ga0.33o-In0.527As layer (Ll) (sample 1). Fig. 5(a) shows the experimental and Fig. 5(b) the simulated Renninger scans for comparison purposes. The lattice parameters a± = 5.8604 and all = 5.8699A, r/ = 0.034 ° and the diffracted-beam path length given in (9), (10) and (11) were considered in MULTX for this simulation. The reliability factor obtained, R = 0.10, confirms the very good agreement between the two scans, demonstrating the validity of our approach. The inset in Fig. 5(b) depicts the split in the six-beam case (X = 90 °) in a magnified scale to highlight our simulation of the tetragonal layer distortion (A X = 0.211°).
We have used the same polarization factor in order to simulate the Renninger scans obtained for the InP bulk and for the AlGalnAs layer. While the layer fitting has provided R = 0.10, the bulk has provided R = 0.20, indicating that the polarization factor is not the dominant factor in explaining the lack of agreement between the simulated and experimental data. Instead, we believe the crystallographic perfection of the sample to be a major factor, as in the case of thin crystals, the kinematical approach represents the limiting case of the dynamical approach.
The MULTX program was used to simulate the data obtained for the A10.304Ga0.1721n0.524As layer (sample 2) as an additional check of the program. Fig. 6(a) shows the experimental Renninger scan, while Fig. 6(b) shows the corresponding simulated data. In the calculations, a± = 5. 8574 and all --5.8755]k, r/ = 0.034 ° , step size A X = 0.005" and isotropic thermal parameters B~, = Bp = 0.595 ,~z were used. The reliability factor for the peak intensities considering all peaks in the figure was found to be R -0.085, which confirms the value obtained for the previous AIGalnAs layer and the very good agreement between the experimental and simulated Renninger scans.
Conclusions
The applicability of the MULTX program has been extended to simulate Renninger scans recorded using synchrotron radiation from semiconductor single-crystal and heteroepitaxial structures. The experimental Renninger scan for InP (006) bulk material recorded using synchrotron radiation was used to analyse the effects of both the polarization (matrix approach) and the diffractedbeam path length for surface secondary beams (thin crystals). The comparison between the experimental and simulated synchrotron-radiation Renninger scans has indicated that sample crystallographic perfection is a significant factor in obtaining a good agreement between simulation and experiment. Hence, our MULTX simulations reveal a much better match to the experimental data for the thin AIGaInAs quaternary layers (R < 0.10) than for the more perfect InP bulk material (R = 0.20). In terms of the absorption coefficient, the kinematical theory is the limiting case for dynamical theory for thin crystals.
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